Several powerful accelerators and storage rings are being considered that will require tens or even hundreds of megawatts of continuous rf power. The economics of such large machines can be dictated by the cost and efficiency of the rf amplifiers. The overall design and performance of such narrow-band amplifiers, operating in the 50-to 1500-MHz region, are being theoretically studied as a function of frequency to determine the optimum rf amplifier output power, gain, efficiency, and dc power requirements.
Soviet designs are reviewed and the gyrocon' s strengths and weaknesses are compared to other types of microwave amplifiers. The primary advantages of the gyrocon are the very large amount of power available from a single device and the excellent efficiency and stable operation. The klystron however, has much greater gain and is simpler mechanically. At very low frequencies, the small size of the gridded tube makes it the optimum choice for all but the most powerful systems.
Introduc t ion
The state of the art for high power rf systems for accelerators and storage rings is discussed. For accelerators that enrich nuclear fuel,1 or storage rings such as LEP,2 the economics of the entire project depend greatly on the rf power costs, which are functions of the rf amplifier frequency and output power per amplifier. The rf frequency depends on the type of particles to be accelerated and the frequencies vary from a few megahertz for heavy ion machines to a few gigahertz for electron linacs. The general requirements for accelerator and storage ring applications are that the rf gain and dc-to-rf conversion efficiency be as high as possible and that the physical size and cost be minimized. The The triode amplifier generally has a low rf power gain of 10-13 dB; thus, the driver stage is large and powerful. The gain in a tetrode is usually between 20 and 30 dB, which simplifies the drive stage design. To drive a cyclotron, the output frequency must vary over a very large range. Gridded tubes are generally used for this application6'7 with either a broadband circuit or mechanical tuning to provide the bandwidth. Although the plate efficiency of a gridded tube can be very high, the system efficiency, which includes the driver and filament power, is often between 50-70%. The efficiency can be even lower if a series modulator controls the output power.
There are three evolutionary trends in the gridded tube field. Newer materials are being used to obtain better performance. An example is the use of pyrolytic graphite as a grid material to improve the dissipation capability. A second trend is to have the plate current out of phase with the plate voltage to reduce the power wasted at the anode. This idea, originally proposed by Tyler,8 in 1958 , is now used9 in the standard AM broadcast band to raise the dc-to-rf conversion efficiency of gridded tubes above 90%. In the Tyler circuit third harmonic power, either externally supplied or generated from the tube's own nonlinearities, is used to shape the plate voltage. The aim is to have a square voltage wave and an out-of-phase square current wave on the plate so that no net heat is delivered to the anode. Although 0018-9499/79/0600-3877$00.75 © 1979 IEEE the Tyler circuit can raise the plate efficiency to over 90%, one should note that the overall efficiency of the commercial transmitters9 is only slightly over 65Z. If higher power tetrodes could be developed, a closer agreement of plate and overall efficiencies would be possible.
The third trend is an extension of the resnatron concept,10 which may be more practical now because of improvements in beam control technology. The linear beam tetrodell,12 would combine the cathode and the control grid of a triode or a tetrode with a modulating anode and a collector similar to those used in klystrons (Fig. 1) . The grid and anode can be designed to intercept little or no cathode current.
The anode and the collector are at the same dc potential but have a large rf potential between them. If the collector potential is depressed by the rf voltage at the time the electrons arrive, the collector heat dissipation can be quite low. This tetrode is very similar to a klystron in which the bunching is accomplished by a grid, rather than by velocity modulation. It appears that these linear beam tetrodes can be built in modules that could be used in parallel within the vacuum envelope to deliver large amounts of rf power. The usual transit-time limitations still apply to the resnatron family but they are reduced by the higher electron velocities in these amplifiers. It conversion efficiencies, are used in accelerator applications. PETRA16 uses klystrons rated at 600-kW cw output power at 500 MHz and PEP17 uses klystrons rated at 500-kW cw at 353 MHz. The klystrons at these facilities deliver the highest average output power now being used for accelerators. These klystrons have efficiencies that vary between 60-67%. The highest power cw klystron that has been built for high frequency operation is an X-band tube, the X-3030, which produced18 530-kW power at 8 GHz, using an extended interaction output cavity and multiple output windows. The commonly accepted limit to the power that can be delivered by a single klystron is about 1-MW cw, although it is technically possible to generate more power, especially at lower frequencies. The relation Pout = 612.5/fMHz (1) was suggested19 as a conservative guide for the output power (Pout) in megahertz that may be easily achieved at any frequency in megahertz. Based on the X-band performance cited above, the constant in Eq.
(1) may be seven times larger. In our opinion, the constant in Eq. (1) may be doubled or tripled if a serious, several-year development plan were started to satisfy higher power requirements. In a recent review,20 Kaisel suggests that the limit to cw power production lies between 2 and 8 MW at 1 GHz. This limit would require the constant in Eq. (1) to be an order of magnitude larger.
Klystron performance at the lower microwave frequencies is limited by several physical processes including peak electric fields, power dissipation in the output cavity, heat dissipation in the output window, or current density at the cathode. The first two problems are reduced by using a multicavity output section in the klystron, which is called an extended interaction output cavity. Multiple output windows reduce window heating problems. Some amplifiers share vacuum systems with the accelerators they drive. Thus, no output windows are required. Current density limitations in the beam or at the cathode are fundamental, but they have not been approached by the current technology below 3 GHz.
The klystron velocity-modulation principle continues to operate at very low frequencies, although the cavities and the rf drift lengths become very large. The low frequency at which klystrons become inferior to gridded tubes is a matter of opinion. We feel that gridded tubes are the optimum choice at or below 100 MHz, while klystrons should be used above 200 MHz. Between 100 to 200 MHz, the optimum amplifier type depends primarily on the size of the rf system and gridded tubes are probably the best choice except for the largest systems. Perhaps the resnatron type of tetrode will dominate this frequency range. The lowest frequency klystron now under commercial development is a 216-MHz unit rated at 3-MW peak power, 500-kW average power.
The limits to the dc-to-rf conversion efficiency in the klystron also are unknown. Experimental progress has been very slow; the first 65% efficient klystron was reported 1 in 1964, and 75% efficiency was achieved14 in 1970, and has not been repeated since then. Many calculations on the optimum dc-to-rf con-version efficiency of the klystron have been made. There is considerable disagreement on the value of this maximum efficiency, but our evaluation, based primarily on the calculations of Mihran22 and Hechtel,23 is shown in Fig. 2 . The optimum perveance, (the klystron's current divided by the 15th power of the beam voltage), is about 0.5 and the optimum efficiency for a solid beam klystron should be about 80%. Several improvements such as hollow beams, multiple-gap output cavities, depressed collectors, and symmetrical extraction of the energy from the out-put circuit will probably be required to raise the efficiency to 85-90%.
There are several recent developments in pulsed high power klystron technology. The maximum peak power from a single klystron is the 55 MW obtained24 at 2856 MHz with an optimized Stanford Linear Accelerator Center klystron operating at 300 kV. This amount of peak power should be easier to obtain at lower frequencies. Fast modulators have been developed for television transmitters with 150-ns rise and fall times at the television repetition rate of 15 kHz. Even faster rise time and repetition rates are now possible and the accelerator community will undoubtedly benefit from this technology.
Gyrocons
The gyrocon is a new type of electron tube (Fig. 3) , which operates by deflection modulation. The second gyrocon at Novosibirsk was designed to produce 5-MW cw rf power at 180 MHz to drive the VEPP-4 ring. Because the frequency is quite low, the gyrocon is 4. 5-m tall and has a 1.4-m An effort to analyze and build a gyrocon of the type shown in Fig. 3 is underway at the Los Alamos Scientific Laboratory (LASL). A computer model to follow electrons through the various gyrocon regions has been made and applied to many examples to determine how the dc-to-rf conversion efficiency and gain vary with beam voltage, current, and frequency. The computer code25 includes the effects of space charge and relativity. Our earlier works26)27 on the gyrocon provide additional historical background but they are limited to one-dimensional analysis of the problem. The one-dimensional case is interesting because the electronic efficiency can approach 100% when space charge and finite beam size are neglected.
The LASL gyrocon is being designed to produce 650 IcW at 450 MHz. The calculated conversion efficiency is over 85%. Electronic and overall efficiencies for several gyrocons are listed in Table I , grouped by the power in the dc beam. The beam voltage and current, the electric field in the input and output resonators, and the rf gain are also tabulated. The frequency was held at 450 MHz and an initial beam radius of 1 cm was assumed. The initial beam was assumed to have zero emittance. This gyrocon is called radial style, because the electrons interact primarily with the radial electric field in the output resonator. We performed some frequency response calculations for this type of gyrocon and the results are summarized in Fig. 3 . The gyrocon. There is no theoretical low frequency limit but the author suggests that the 4.5-m long, 181-MHz gyrocon may be considered very close to the limit set by sheer size.
40'--
The bender solenoid of the gyrocon must be eliminated to give good efficiency above 1 GHz. It may be possible to make a planar gyrocon (Fig. 4) Conference. If we assume that one of these gtuns operates and produces a rotating cathode, it is quite simple to compute rather high dc-to-rf conversion efficiencies. As an example, at 2450 MHz, a planar gyrocon analysis code predicted a dc-to-rf conversion efficiency of 86% provided that the cathode emitting area is less than 1 radian in azimuthal and 3 cm in axial extent. The electron gun is the key to the planar gyrocon, and until a good gun is demonstrated or a good electron gun code is made for the rf-driven cathode, we can do little more than speculate on the utility of these devices above 1 GHz.
The theory of a spherical gyrocon, a benderless gyrocon, is being developed at LASL. The electron beam is deflected directly into a spherical resonant output cavity, as shown in Fig. 5 . Spherical coordinates describe the rf fields in the output waveguide and the primary interaction is again with the radial component of the electric field. Another concept, shown in Fig. 5 , is the use of one or more beam-driven deflection cavities to provide the large deflection angle required for the spherical case with a relatively small rf drive. The 
Conclusion
Although progress in high power rf amplifiers has been fairly slow in the past decade, the technology is now advancing at a more rapid rate. There have been no revolutionary breakthroughs but the frequency, power output, and efficiency frontiers are advancing. Several older ideas, such as the resnatron and deflection modulated amplifiers, are being investigated again with the better understanding of particle dynamics now available. The technology mentioned above should be significantly advanced by the work that is now beginning.
